

  processes-10-00410




processes-10-00410







Processes 2022, 10(2), 410; doi:10.3390/pr10020410




Article



Toxicological and Nutraceutical Screening Assays of Some Artificial Sweeteners



Marcos Mateo-Fernández 1, Miguel Josué González-Jiménez 1, Mercedes Del Río Celestino 2[image: Orcid], Rafel Font 2, Ángeles Alonso-Moraga 1 and Tania Merinas-Amo 1,*[image: Orcid]





1



Department of Genetics, University of Córdoba, 14071 Córdoba, Spain






2



Agri-Food Laboratory, CAGPDS, Avd. Menéndez Pidal, s/n, 14080 Córdoba, Spain









*



Correspondence: tania.meram@gmail.com or b32meamm@uco.es; Tel.: +34-957218674; Fax: +34-957212072







Academic Editor: Bing-Huei Chen



Received: 22 January 2022 / Accepted: 16 February 2022 / Published: 20 February 2022



Abstract

:

Artificial sweeteners are food additives worldwide used instead of fructose or glucose in many diet beverages. Furthermore, diet beverages intake has been increasing every year. Thus, some food agencies should regulate it based on toxicological studies. Debates and controversial results are demonstrated, and authority can revise its decision on the basis of new data reporting toxicological effects since cyclamate has been forbidden in some countries. Therefore, the aim of this study was to report new data about the toxicity of acesulfame-k, aspartame, and cyclamate, which are useful for authority agencies, determining the toxic potential and nutraceutical capabilities of these compounds. The toxicity, antitoxicity, genotoxicity, antigenotoxicity, and life expectancy assays were carried out in Drosophila as an in vivo model. In addition, in vitro HL-60 line cell was used to evaluate the chemopreventive activity determining the cytotoxic effect and the capability of producing DNA damage due to internucleosomal fragmentation or DNA strand breaks. Furthermore, the methylated status of these cancer cells treated with the tested compounds was assayed as a cancer therapy. Our results demonstrated that all tested compounds were neither toxic nor genotoxic, whereas these compounds resulted in antigenotoxic and cytotoxic substances, except for cyclamate. Aspartame showed antitoxic effects in Drosophila. All tested compounds decreased the quality of life of this in vivo organism model. Acesulfame-k, aspartame, and cyclamate induced DNA damage in the HL-60 cell line in the comet assay, and acesulfame-k generally increased the methylation status. In conclusion, all tested artificial sweeteners were safe compounds at assayed concentrations since toxicity and genotoxicity were not significantly induced in flies. Moreover, Aspartame and Cyclamate showed protective activity against a genotoxin in Drosophila Regarding nutraceutical potential, acesulfame-k and aspartame could be demonstrated to be chemopreventive due to the cytotoxicity activity shown by these compounds. According to DNA fragmentation and comet assays, a necrotic way could be the main mechanism of death cells induced by acesulfame-k and aspartame. Finally, Acesulfame-K hypermethylated repetitive elements, which are hypomethylated in cancer cells resulting in a benefit to humans.
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1. Introduction


Artificial sweeteners are food additives worldwide used as sugar substitutes in beverages, being sweeter than table sugar and with fewer calories [1,2]. As their intake has been increasing every year, some food agencies (FDA–Food and Drug Administration, EFSA-European Food Safety Authority) are responsible for regulating their safe intake. Despite there being many studies determining their carcinogenicity and toxicity, food agencies do not support that relationship. Actually, a review of the role of artificial sweeteners on human metabolism reports that these sweeteners are not beneficial as they are used in diets since non-caloric sweeteners induce an increase in appetite [3,4]. In addition, artificial sweeteners are related to different kinds of human diseases, but cancer is not generally demonstrated to be provoked by artificial sweeteners [5]. Debates and controversial results are demonstrated, and the authority can revise its decision on the basis of new data reporting toxicological effects [6,7].



Aspartame (ASP), Cyclamate (CYC), and Acesulfame-potassium (ACK) are used instead of fructose and glucose as sweeteners without providing energy in diet beverages, being 300 times sweetener than sugar. Besides the controversial information of artificial sweeteners, CYC has been forbidden in many countries [8], although evidence of CYC carcinogenicity was not found [9]. ASP and ACK have been demonstrated to be deregulators of gut microbiota which is related to obesity [10,11]. Moreover, deregulation of the energetic balance of the metabolism could be involved in the cancerous process [12]. The combination of ACK intake and diet foods affects the cognitive function in mice [13].



Toxicological and genotoxicological tests have been used all over the world to evaluate the potential risk of food [14]. In addition, in vivo and in vitro clastogenicity and antigenotoxicity tests must be performed to evaluate the nutraceutical potential of food since the “initiation” step of tumorigenesis involves alterations of the genetic material, which are called “genotoxic” and are assessed by different end-points as DNA-strand breaks and mutation induction which must be stabilised/reverted [15].



With this in mind, the Somatic Mutation and Recombination Test (SMART) is frequently assayed using the in vivo Drosophila melanogaster model to determine somatic cell mutations, widely associated with mutagenicity and cancer [16,17], and it allows for detecting the genotoxic and antigenotoxic activity of single compounds [18,19]. Fly models are also widely used to analyse the longevity parameters due to the high homology between invertebrates and human genes involved in the ageing process [20,21]. On the other hand, toxicity, necrosis, apoptosis and methylation status in chemoprevention processes are evaluated using cytotoxicity, DNA damage at both internucleosomal fragmentation and at single/double-strand breaks assays, and biomarkers of genomic DNA methylation in HL-60 promyelocytic cells [22,23,24].



Therefore, the aim of this study is to produce new data about the toxicity of ASP, CYC and ACK, which is useful for authority agencies, determining the toxic potential and nutraceutical capabilities of these compounds. The toxicity, antitoxicity, genotoxicity, antigenotoxicity and life expectancy assays were carried out in Drosophila as an in vivo model. In addition, in vitro HL-60 line cell was used to evaluate the chemopreventive activity determining the cytotoxic effect and the capability of producing DNA damage due to internucleosomal fragmentation or DNA strand breaks. Furthermore, the methylated status of these cancer cells treated with the tested compounds was assayed as a cancer therapy.




2. Materials and Methods


2.1. Samples


Artificial sweeteners, ASP (E-951- L-aspartyl-L-phenylalanine methyl ester), CYC (sodium salt of cyclohexylsulfamic acid) and ACK (potassium salt of 6-methyl-1,2,3-oxathiazinone-2,2-dioxide) were assayed. ASP, CYC and ACK were obtained from TCI America (228 39-47-0) (Portland, OR, USA), ACROS Organics (Geel, Belgium) (139-05-9) and TCI America (55589-62-3), respectively.




2.2. Fly Stocks


Two Drosophila melanogaster strains with genetic markers that affect the wing-hair phenotype were used: (i) mwh/mwh, carrying the recessive mutation mwh (multiple wing hairs) [25], and (ii) flr3/In (3LR) TM3, rippsep bx34eesBdS, where the flr3 (flare) [26] marker is a homozygous recessive lethal mutation which is viable in homozygous somatic cells once larvae start developing and producing deformed trichomas.




2.3. Cell Culture Conditions


Promyelocytic human leukaemia (HL-60) cells were grown in RPMI-1640 medium (Sigma, R5886, Sigma Aldrich, Gillingham, UK) supplemented with heat-inactivated foetal bovine serum (Linus, S01805, Madrid, Spain), L-glutamine 200 mM (Sigma, G7513) and 1X antibiotic-antimycotic solution (Sigma, A5955). Cells were incubated at 37 °C in a humidified atmosphere of 5% CO2. Cultures were plated at 2.5 × 104 cells/mL density in 10 mL culture bottles and passed every 2 days.




2.4. In Vivo Assays


2.4.1. Toxicity and Antitoxicity Assays


Toxicity was assayed according to our standard protocols. The concentrations used in ASP and ACK were 0.0063 mM, 0.025 mM, 0.05 mM, 0.2 mM and 0.815 mM; and 0.0125 mM, 0.05 mM, 0.1 mM, 0.4 mM and 1.6 mM in the CYC assays, according to previous analyses carried out by Lehkorizova, et al. [27] and Cillo [8]. Negative (H2O) and positive (0.15 M H2O2) toxicant concurrent controls were also assayed, according to the previous ranges established by Romero-Jiménez et al. [28]. Larvae fed with Drosophila Instant Medium (Formula 4–24, Carolina Biological Supply, Burlington, NC, USA) supplemented with the concentrations of the assessed compounds were used as tested groups. The percentage of emerging adults was calculated by comparing each treatment with the negative control. The antitoxic effect of tested compounds was assessed following the same method as toxicity assays but in combined treatments with 0.15 M H2O2 and comparing the percentage of emerging adults with the positive toxicant control [29].




2.4.2. Genotoxicity and Antigenotoxicity Assays


Genotoxicity assays were carried out following the wing spot test standard procedure [16]. Briefly, after crossing two-fold four day-old virgin flr3 females with mwh males (2:1 respectively), trans-heterozygous larvae for both genes were obtained. Four days after fertilisation, a fresh yeas medium (25 g yeast and 4 mL sterile distilled water) was used to lay eggs for 8 h focusing on obtaining synchronised larvae. After 72 h, larvae were washed and collected in groups of 100 individuals. Each group was fed with a mixture containing 0.85 g Drosophila Instant Medium (Formula 4–24, Carolina Biological Supply, Burlington, NC, USA) and 4 mL water supplemented with the different compounds and concentrations assayed and negative (H2O) and positive (0.15 M H2O2) controls until pupae hatching (10–12 days). Then, emerged flies were collected and stored in 70% ethanol until the wings were isolated and mounted on slides using Faure’s solution. Mutant spots were assessed in both dorsal and ventral surfaces of the wings in a bright light microscope at 400× magnification. The frequencies of each type of mutant clone per wing (single, large or twin spot) were compared with the concurrent negative control [30]. All inconclusive and positive results (p > 0.05) were analysed with the nonparametric U-test of Mann, Whitney and Wilcoxon (α = β = 0.05).



Antigenotoxicity tests were conducted following the method previously described by Anter et al. [31]. The same compounds and concentrations were assayed in combined treatment with the concurrent genotoxicant hydrogen peroxide (0.15 M). Single and twin spots per wing were also recorded and compared with the concurrent negative control as described before. Finally, the inhibition percentages (IP) for the combined treatments were calculated as described by Abraham [32]: IP = [(genotoxin alone − combined treatment)/genotoxin alone] × 100.




2.4.3. Chronic Treatments: Lifespan and Healthspan Assays


F1 progeny from mwh and flr3 parental strains produced by 24 h egg-laying in yeast was used for all the longevity trials. The same compounds and concentrations as in the toxicity/genotoxicity experiments were assayed. Lifespan assays were carried out at 25 °C according to the procedure described by Fernandez-Bedmar et al. [19]. Briefly, once emerged adults were obtained from pupae following a similar method from genotoxicity assay; they were collected under CO2 anaesthesia and placed in groups of 25 individuals of the same sex into sterile vials containing 0.21 g Drosophila Instant Medium and 1 mL of different concentrations of the compounds to be chronically tested. The number of survivors was determined twice a week in three different replicates.





2.5. In Vitro Assays


2.5.1. Cytotoxicity Assays


Trypan blue test was used to determine the effect of our tested compounds on cell viability according to our standard procedures [31]. HL-60 cells were placed in 96 well plates (2 × 104 cells/mL) and cultured for 72 h supplemented with 5 different concentrations of ASP, CYC and ACK. The cytotoxic inhibitory concentration 50 (IC50) was estimated from these concentrations. After culture, trypan blue dye (Sigma, T8154) was used to stain cells with a 1:1 volume ratio and counted in a Neubauer chamber at 100× magnification. The survival percentage of each treatment compared with the control was recorded in three independent replicates.




2.5.2. DNA Fragmentation Status


The determination of DNA damage by internucleosomal DNA fragmentation induction was described by Anter et al. [33]. Briefly, 106 HL-60 cells were co-cultured with 5 same concentrations of ASP, CYC, and ACK selected in the cytotoxicity assays for 5 h. After treatment, genomic DNA was extracted using a commercial kit (Blood Genomic DNA Extraction Mini Spin Kit, Canvax Biotech, Córdoba, Spain). Then, DNA was incubated overnight with RNase at 37 °C and quantified in a spectrophotometer (Nanodrop® ND-1000). Finally, 1200 ng DNA were electrophoresed in a 2% agarose gel for 120 min at 50 V, stained with ethidium bromide and visualised under UV light. The apoptosis process is recognised by the appearance of internucleosomal DNA fragments that are multiples of 200 base pairs.




2.5.3. Clastogenicity: SCGE (Comet Assay)


DNA stability was determined by SCGE as described by Mateo-Fernández et al. [34] with minor modifications. HL-60 cells (5 × 105) were incubated in 1.5 mL of culture medium supplemented with the three lowest concentrations of ASP, CYC, and ACK selected in the cytotoxicity assays, for 5 h. After treatment, cells were washed twice and adjusted to 6.25 × 105 cells/mL in PBS (phosphate-buffered saline). Then, a 1:4 dilution from cells in liquid low-melting-point agarose (A4018, Sigma) was prepared at 40 °C and poured into slides to prepare electrophoresis gels. Gels were covered with a coverslip and allowed to solidify at RT for 30 min. Once the slides solidified, the coverslips were carefully removed, and slides were bathed in freshly prepared lysing solution (2.5 M NaCl, 100 mM Na-EDTA, 10 mM Tris, 250 mM NaOH, 10% DMSO and 1% Triton X-100; pH = 13) for 1 h at 4 °C. Thereafter, slides were balanced in alkaline electrophoresis buffer containing 300 mM NaOH and 1 mM Na-EDTA, pH = 13 for 20–30 min at 4 °C. Once equilibrated, the slides underwent electrophoresis (12 V, 400 mA for 8 min) in dark conditions and were immediately neutralised in cold neutral solution (0.4 M Tris-HCl buffer, pH 7.5) for 10 min. Finally, slides were dried overnight at RT in the dark. Gels were stained with 7 µL propidium iodide, and a Leica DM2500 microscope was used to photograph cells at 400× magnification. At least 50 single cells from each treatment were analysed using the Open CometTM 1.3 software [35]. The Tail Moment (TM) data was used to analyse the effect of the tested compounds on HL-60 cell DNA integrity applying one-way ANOVA and post-hoc Tukey’s test with SPSS Statistics for Windows, Version 19.0 (IBM 2010).




2.5.4. Methylation Status of HL-60 Cells


The same concentrations of ASP, CYC and ACK described in the SMART assay were used to treat HL-60 cells for 5 h. DNA was extracted following the protocol described in the DNA fragmentation assay. Then, the DNA was converted with bisulphite (EZ DNA Methylation-Gold™ Kit, Zymo Research, Irvine, CA, USA). Bisulphite-modified DNA was used for fluorescence-based real-time quantitative Methylation-Specific PCR (qMSP) using 5 µM of each forward and reverse primer (Isogen Life Science BV, Utrecht, The Netherlands), 2 µL of iTaq™ Universal SYBR® Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) (it contains antibody-mediated hot-start iTaq DNA polymerase, dNTPs, MgCl2, SYBR® Green I dye, enhancers, stabilisers and a blend of passive reference dyes including ROX and fluorescein) and 25 ng of bisulphite converted genomic DNA.



QMSP was carried out in triplicate for each compound following the steps established by our research group in similar studies [36]. The housekeeping Alu-C4 was used as a reference to correct for total DNA input. Further information about repetitive elements is shown in Table 1.



The results of each CT were obtained from each qMSP. Data were normalised with the housekeeping Alu C4 using the Nikolaidis et al. [38] and Liloglou et al. [39] comparative CT method (ΔΔCT). The differences between the tested compounds, repetitive elements and concentrations were evaluated applying one-way ANOVA and post-hoc Tukey’s test.






3. Results


3.1. Toxicity/Antitoxicity


Toxicity assays showed that whereas ACK is significantly toxic at the highest concentrations, ASP and CYC are not toxic to D. melanogaster larvae (Table 2, simple treatment). However, the toxicity triggered by ACK is not enough to reach the classical lethal doses 50 (LD50).



Antitoxicity results showed that ACK is not able to induce a significant protective effect against H2O2-induced toxicity in Drosophila larvae (Table 2, combined treatment). On the other hand, ASP and CYC were able to revert to some extent the damage caused by hydrogen peroxide in a negative dose-dependent and Gaussian-like manner, respectively.




3.2. Genotoxicity/Antigenotoxicity


Table 3 shows the genotoxicity and antigenotoxicity results performing the SMART trial. The positive result of flies fed with hydrogen peroxide as a genotoxic control after applying the binomial Kastenbaum–Bowman test validated the accuracy of the SMART test. ASP, ACK and CYC yielded inconclusive results, which were resolved using Mann–Whitney U-test. This statistical test showed that none of the mentioned compounds was genotoxic at the assayed concentrations.



On the other hand, all assayed substances significantly exerted an antigenotoxic activity being each combined mutation rate below the genotoxin alone (0.425 clones/wings). All tested compounds showed a negative dose-dependent protective effect against the genotoxin. CYC was the highest antigenotoxic compound yielding an Inhibition Percentage (IP) of 52% and 60% for the lowest and the highest concentration, respectively. The IP value obtained in ACK treatments was quite similar, roughly 30% and 40%. ASP was able to inhibit the effect of the genotoxin, yielding 57% and 12% IP values for the lowest and the highest concentrations, respectively.




3.3. Lifespan


Estimated mean values of Drosophila’s survival were obtained using the Kaplan–Meier curves (Figure 1), and statistical differences were determined by the Log–Rank (Mantel-Cox) test. ASP (0.05 mM and 0.2 mM) was able to induce an increase in longevity (8%). However, neither ACK nor CYC exerted any effect on Drosophila’s lifespan since they were statistically similar to their concurrent control.



Healthspan parameters were performed, taking into account the portion ≥ 80% of lifespan curves (Table 4). The results showed that when statistical differences were found, it is to decrease the quality of life in this in vivo experimental model as follows: 0.025 mM and 0.2 mM ACEK decreasing it roughly 28%, the highest and the lowest tested concentration of ASP reduced the healthspan approximately 30% and 0.05 mM CYC (27%) also decreased the quality of life.




3.4. Cytotoxicity


Figure 2 shows the cytotoxicity results obtained in the HL-60 cells treatments with the different compounds during 72 h. ACK was the most cytotoxic compound reaching the Inhibitory Concentration 50 (IC50) at 0.08 mM. ASP also reached the IC50 at 0.8 mM, the highest concentration used in this assay. Despite the fact that CYC decreased the cell viability of the HL-60 cell line at the lowest concentration, the IC50 was not reached, and the cell viability was maintained at around 70%.




3.5. DNA Fragmentation


The typical internucleosomal DNA ladder pattern in apoptotic cells was not observed in any treatment with the tested compounds (Figure 3).




3.6. Comet Assay


Figure 4 shows the ability of the tested compounds to exert DNA damage due to single and double-strand breaks in the HL-60 cell line since an alkaline comet assay was conducted. The concentrations used in this SCGE assay were determined according to the results obtained in the previous cytotoxicity assay. The results showed that ASP significantly induced DNA damage at the highest tested concentration. Moreover, CYC was able to induce DNA strand breaks at all the assayed concentrations. On the contrary, ACK did not significantly increase the TM parameter at any concentration compared to the concurrent control, except for the lowest concentration.




3.7. Methylation Status


Figure 5 shows the relative normalised methylation status (RMS) of the three repetitive sequences (LINE-1, Alu M1, and Sat-α) in the HL-60 cell line treated with the tested compounds. ACK was able to induce hypermethylation in the three repetitive sequences analysed. Regarding ASP, the lowest concentration studied in this assay significantly hypomethylated Sat-α and hypermethylated Alu M1 sequence. As regards CYC, this artificial sweetener showed a similar pattern to ASP modifying Satellite and Alu sequences. In this case, CYC was able to reduce the methylation status in Alu M1 and Sat-α repetitive elements when cells are treated with both assayed concentrations and the lowest one, respectively. It is noteworthy the lack of dose-dependent response as it is shown in Figure 5.





4. Discussion


Artificial sweeteners are food additives worldwide used as sugar substitutes in beverages, being sweeter than sugar and with fewer calories content [1,2]. As their consumption has been increasing every year, some food agencies (FDA and EFSA) are responsible for regulating their safe intake. Despite there being many studies determining their carcinogenicity and toxicity, food agencies do not support that relationship. Debates and controversial results were raised, and authorities should revise their decision on the basis of new data reporting toxicological effects [6,7].



ASP, CYC and ACK are used instead of FRU and GLU as sweeteners without providing energy in diet cola beverages. Besides the controversial information about artificial sweeteners, CYC has been forbidden in many countries [8].



Artificial sweeteners were evaluated in the last century to ascertain their ADI to be added to FDA as safety compounds. This is the reason why the main information available on the database is dated from the 1970s to the 1990s. However, controversial information has been found, and it is necessary to carry out new scientific data which assure their safety for human health [42]. We performed toxicity, antitoxicity, genotoxicity, antigenotoxicity and lifespan assays to assess the nutraceutical potential and safety of three artificial sweeteners. It used the concentrations of ACK, ASP, and CYC declared by the Coca-Cola Company.



In vivo model



Our toxicity results showed that none of the artificial sweeteners was toxic since LD50 was not reached at the assayed concentrations, although the three highest concentrations significantly differed from the concurrent control. These results agree with the safety demonstrated by ACK by Jung and Kreiling [43]. Mukherjee and Chakrabarti [44] reported ACK not to be toxic in mice fed with 1.5–3 g/kg of body weight, and Mayer [45] determined that ACK was accepted for human consumption since it was not toxic. Our results are also consistent with those obtained by Reuzel and van der Heijden [46], who reported that ACK was revealed as a non-toxic compound in the diet of dogs fed with 900 mg/kg body weight/day. Our results are also supported by acute toxicology tests performed in rats, mice and rabbits with a maximum dose of 5000 mg/kg body weight with negative results [47]. The lack of toxicity of ACK could be due to the fact that this sweetener is not metabolised and is excreted without any modification [48]. Bandyopadhyay et al. [49] found that although ACK and ASP were not toxic in the Ames Test, their lack of toxicity is still controversial and confusing in spite of the Ames test being conducted in a prokaryotic organism; hence this result is not determining enough. ASP was reported to have low toxicity in experimental model systems. In pregnant rats, ASP proved to be nephrotoxic in the fetus at 14 mg/kg body weight [50]. ASP was toxic in Wistar rats at 0.83 mM since the enzymatic activity was reduced, generating neurologic diseases [51]. In addition, ASP had an influence on neurologic behaviour in humans at 10 and 20 mg/kg suffering from headaches [52]. However, ASP (from 20 to 320 mM) did not exert toxicity in the third instar larvae of D. melanogaster, which is fit with our results [53]. Therefore, ASP remains one of the most controversial and widely used artificial sweeteners today [54] and the toxicity of ASP has been demonstrated that depends on the concentration used in the assays according to Weerasooriyagedara [55] reported in Danio rerio.



Our results are consistent with toxicological studies of CYC mainly performed during the 1970s and 1980s since CYC was determined as a non-toxic sweetener in mice [56,57]. In addition, CYC was demonstrated not to be toxic in human studies [58] and in Drosophila Sex-linked recessive lethal assay [59]. On the other hand, CYC showed very low toxicity, although it is metabolised to cyclohexylamine, which shows higher toxicity [60]. Moreover, CYC was toxic to some extent in pregnant rats since 60 mg/kg of body weight of CYC led to retardation of fetal development and hypertrophy in the exocrine pancreas of the rat fetuses [61]. In addition, CYC (0.06 µM) was demonstrated to be toxic in osteoblasts inhibiting their proliferation and differentiation [62], and it may be due to the fact that a specific interaction between CYC and adenine and guanine exists [63].



Therefore, we hypothesise that the toxicity or the lack of it depends on the tested concentrations and the model organism used in the assays performed.



Drosophila has been extensively used as an experimental model evaluation of the genotoxicity exerted by different compounds in many tests. The main information available on the scientific database about artificial sweeteners is related to genotoxicity and carcinogenicity assays. Our results revealed that all the tested compounds were not genotoxic at the assayed concentrations.



ACK was reported to be non-mutagenic in E. coli and mammalian cells [64,65]. In addition, several studies carried out during the 1970s and 1980s determined that ACK was neither mutagenic nor carcinogenic in in vivo and in vitro assays. Despite ACK being clastogenic and genotoxic at higher doses (60–2250 mg/kg) on mice, these concentrations were not within the ADI dose. In this sense, although the number of chromosomal aberrations induced by ACEK (15 mg/kg) was similar to the control, ACK was demonstrated to interact with DNA inducing genetic damage [44]. ACK and ASP were not mutagenic to S. typhimurium in the Ames Mutagenicity test. The majority of studies performed during the 1970s and 1980s supporting the safety of ASP had no statistical analysis [49]. The reports on the ASP genotoxicity are incongruent since it exerted a genotoxic effect in human lymphocytes using micronucleus test but had no mutagenic effect conducting the Ames Salmonella test with microsomal activation [66]. Soffritti et al. [67] provided evidence of the carcinogenic potential of ASP increasing the malignant tumours in Sprague–Dawley fetal rats using the ADI for humans. Chromosome aberrations and sister chromatid exchanges tests were performed in mice fed with ASP, resulting from being non-genotoxic at low concentration (3.5 mg/kg), but it was concluded that ASP has a genotoxic risk [68]. Furthermore, our results do not fit with those obtained by Elfatah et al. [69] and Kashanian et al. [70], who concluded that ASP was genotoxic inducing chromosomal aberration in albino rats and DNA bindings in calf thymus DNA, respectively. Soffritti et al. [71] and Schernhammer et al. [72] revealed that ASP could cause some kinds of tumours in Sprague rats and humans respectively. Another assay carried out in this decade revealed 455 mg/kg ASP to be clastogenic in bone marrow and peripheral blood micronucleus [73]. Our results are in agreement with those obtained by Demir et al. [74], who performed SMART in Drosophila and concluded that whereas ACK was not genotoxic, ASP did induce positive results, although at higher concentrations than we used in this assay. Mohammed [75] also conducted genotoxicity assays in Drosophila, concluding that ASP was not genotoxic at 0.75 mM. Thus, our results are congruent with those. The genotoxic risk of ASP may be associated with its metabolites (aspartic acid, phenylalanine and methanol) which showed genotoxic potential [76].



On the other hand, CYC had no genotoxicity in Drosophila and in rat hepatocytes [59]. CYC was reported as a non-genotoxic compound, and there is evidence to indicate a slight possibility that CYC or some of its metabolites was a DNA-reactive carcinogen [77]. In addition, a lack of DNA damage in Sprague rats induced by CYC was reported by Jeffrey and Williams [78]. Taking into account all this information, further genotoxicity and carcinogenicity studies should be conducted to reach a clear view on its safety [74,79]; hence our results provide some necessary data to the scientific community.



A compound that is able to protect DNA against oxidative damage could be considered as a nutraceutical substance, and antioxidants properties would be shown by this compound. We carried out antitoxicity and antigenotoxicity assays in order to evaluate the capability of our tested compounds. Our results showed that low concentrations of ASP and CYC statistically behaved as antioxidants compounds against hydrogen peroxide on Drosophila larvae. Contrarily, ACK was not able to protect the individuals against this genotoxine. On the other hand, the antigenotoxicity assay showed that all tested compounds were able to revert to greater or less extent the oxidative damage caused by hydrogen peroxide on Drosophila’s DNA.



Antioxidant compounds act, providing cells with mechanisms to defend themselves from ROS-induced damage. Glutathione, ascorbate, superoxide dismutase, catalase and glutathione-dependent antioxidant enzymes are compounds that exert antioxidant defence [80]. It is demonstrated that after 15 days of ASP consumption (40 mg/kg b.w), rats exerted an increase in superoxide dismutase, glutathione peroxidase and catalase and a reduction of glutathione which means an increase of antioxidant level from free radical production. However, when time exposure to ASP was increased, the free radical production over helmed the antioxidant defence producing a decrease in antioxidant molecules. Therefore, ASP provokes a dose dependent oxidant/antioxidant imbalance in rats [81]. In addition, ASP was found to be antigenotoxic, reverting the damage caused by the mycotoxin ochratoxin A feeding rats with 25 mg/kg [82]. Conversely, Abhilash et al. [83] concluded that ASP was able to modify the antioxidant defence status of rats fed with 1000 mg/kg ASP and be responsible for oxidative stress [84,85].



With this regard, ACK also produced oxidative stress in Cyprinus carpio, modifying the activity of superoxide dismutase and catalase [86], and the pancreas of diabetic rats showed an improvement in antioxidant conditions when this model organism was fed with CYC and saccharin producing glutathione reductase and superoxide dismutase [87].



With this in mind, we hypothesise that the activation of the antioxidant mechanisms depends on the dose of administration, showing a dose-dependent influence and also depends on the model organism which it is used. Therefore, when cells are treated at low concentrations, the antioxidant mechanisms are increased, but the oxidant/antioxidant imbalance occurs when the concentration exceeds the threshold allowed by the kind of cell and the model organism and then, the ROS production is higher than the antioxidant activity.



To our knowledge, there is no information evaluating the antigenotoxic effects of ACK and CYC.



Drosophila melanogaster is an excellent experimental model for assessing lifespan extension and ageing since the cellular senescence observed in mammals is similar to those observed in Drosophila [88]. Based on our results, we concluded that ASP increased the lifespan of Drosophila and decreased the quality of life of this fly as well as ACK and CYC. Our results do not fit with previous reports about a decrease in life expectancy induced by ASP at 0.06–1 mM in Drosophila [89]. Soffritti et al. [90] determined that ASP decreases the longevity of Sprague–Dawley rats at 6.8–108.8 mM. In addition, our results are not congruent with those obtained by Huang [91], who declared that 1% ASP reduced the longevity of Drosophila after a period of time in which the quality of life would not be affected. Overall, our results are consistent with the assumption that the caloric restriction on Drosophila is not responsible for an increase in the lifespan [92]. In addition, our results are fit with those obtained by Anbara et al. [93], who reported that long-term consumption of ASP induced oxidative stress in male mice provoking reproductive damages, which could reduce the quality of life.



To our knowledge, this is the first attempt evaluating the CYC based on the current longevity assay since previous reports dating from the 1970s to the 1980s where CYC increased the lifespan of rats fed with 0.43/100 g, although the differences were not analysed statistically [94].



In vitro trials



The in vitro studies of mechanisms against cancer are needed to be extrapolated to human therapies, which are still unknown in the scientific field. We herein determined the cytotoxic activity of three artificial sweeteners (ACK, ASP and CYC) in order to evaluate their chemopreventive potential against promyelocytic leukaemia cells (HL-60 cell line). Internucleosomal DNA fragmentation assay was performed to elucidate if the death cell studied in the cytotoxicity assay was caused by proapoptotic mechanisms. In addition, a comet assay was carried out to assess the clastogenic potential of these compounds, inducing genetic damage in single and double DNA strands. Moreover, the HL-60 cell line was also treated with the tested substances and undergone qMSP to evaluate the potential of these compounds to globally modify the epigenome using three repetitive elements: ALUM1, LINE-1 and SAT-α. The main aim is to characterise the nutraceutical potential of the tested compounds.



Our cytotoxicity assay showed that all tested compounds were able to reach the IC50, except for CYC. Although ACK was cytotoxic, it seems to be non-specific against tumoural cells since ACK can damage the DNA of normal cells such as human lymphocytes at 0.006 and 0.02 mM [95]. Our results are not in agreement with those obtained by Pandurangan et al. [96], who demonstrated that ASP was not able to decrease the cell viability significantly in HeLa cells exposed to 0.01–0.05 mg/mL ASP. Oyama et al. [97] reported that ASP at abuse doses could be harmless to humans since 1–3 mM formaldehyde (a derived from ASP) may cause cytotoxicity in rat thymocytes. Therefore, there is evidence to state that the effect of ASP could be due to its derived metabolites. Regarding CYC, it was tested using The Weaver Human Cell Test and interpreted as an artificial sweetener marginally cytotoxic decreasing 20% de cell viability [98] which is in agreement with our result to some extent. Conversely, evidence about the cytotoxic effect of 1 mg/mL CYC was found in rat hepatocytes by Brusick, Cifone, Young and Benson [55].



As far as genetic damage is concerned, it is well-known that internucleosomal DNA fragmentation is one of the main processes which occur in apoptotic cells. On the other hand, an alkaline SCGE (comet assay) trial was conducted in order to detect DNA damage in single and double strands [99], which could be considered as early treatment of acute promyelocytic leukaemia [100]. Necrosis or apoptosis mechanisms can be detected throughout comet assay using the TM parameter to quantify the genetic damage [101]. Our results revealed that none of the tested compounds was able to induce DNA fragmentation since the typical apoptotic ladder pattern was not found. However, the assayed substances provided DNA strand breaks to greater or less extent conducting SCGE assay. It is known that DNA damage can be divided into five classes according to the TM values [102]. CYC and 0.05 mM ASP fell into class 3 (TM 10–20), which means that CYC induces serious damage in the HL-60 cell line. A cell is considered not damaged when the TM value is between 0 and 1 (class 0). The concurrent control of each artificial sweetener exerted a TM value lower than 1. Therefore, all concurrent control values demonstrated the accuracy of the comet assay. Finally, the results of DNA fragmentation fit with those obtained in the comet assay since TM values higher than 30 were not found, which would mean that apoptosis mechanisms are not being induced by any tested compound [103]. Necrosis is hence the main cell death mechanism triggered by our compounds.



Clastogenic activity of ASP has extensively been measured in liver, and bone marrow cells of rats [47,69], reporting controversial results since Butchko, et al. [47] reviewed a lack of clastogenicity. In contrast, Ghaly, and Hanafy [69] demonstrated that ASP is able to induce DNA fragmentation and chromosomal aberrations in rats bone marrow cells. Lack of genotoxicity was also found by Jeffrey and Williams [78] in rat hepatocytes for the three sweeteners tested in this study. Related to this absence of DNA damage, ASP has been reported as a potent substance to slow down the apoptosis process in HeLa cells, supporting our results, and more information is needed to understand the behaviour of ASP in cancer cells [96]. Contrarily, 100 mM and 27 mM ASP induced apoptosis in thymocytes [104] and PC12 Wistar rats cells [105], although this kind of cell is non-tumoural. No clastogenic activity was found in the tested compounds by Durnev et al. [106] in mice. CYC was found to produce chromosome breakage in mammalian systems in vitro a long time ago [107]. Our results agree with Sasaki et al. [108], who revealed that CYC was able to increase the DNA damage, measuring the DNA migration in the comet assay, in the glandular stomach, colon, kidney and urinary bladder in mice. However, their results obtained in ACK and ASP are not fit with our findings since these both compounds were not able to induce any DNA damage. Moreover, Demir, Turna, Aksakal, Kaya, and Marcos [74] determined that ACEK did not damage the DNA of normal cells in Drosophila performing the comet assay. Van Eyk [109] reported that 10 mM ACK is able to fragment the DNA of both normal and tumoural cells in the mouse. Our results are supported up to a point by the assumption that ACK and ASP increased the comet-tail extent and per cent DNA in the tail in rat bone marrow also conducting the comet assay [49]. ASP induced apoptosis at 35 and 3.5 mg/kg and necrosis at 35 and 350 mg/kg in albino mice from peripheral blood cells [110].



By taking into account both the DNA fragmentation and the comet assay results, the tested sweeteners may induce a necrotic-mediated chemopreventive activity. This potential chemopreventive result is supported by Murray et al. [111], who established the potential of artificial sweeteners (ACK and saccharine) as a specific inhibitor compound of carbonic anhydrase IX isoforms, which is upregulated in cancer cells and is used in anticancer chemotherapy.



It is known that the transposable elements are hypomethylated in cancer cells triggering genomic instability [112]. Besides this global hypomethylation, specific hypermethylation of tumour suppressor genes is also related to cancer cells [113]. Both global hypermethylation and specific hypomethylation are being performed in therapies against cancer. However, biomedical research is focused on hypomethylation agents that could activate tumour suppressor genes. More information is needed since their benefit on human health has not been totally demonstrated yet [114]. The methylation status of the HL-60 cell line was measured using three repetitive elements (Alu M1, LINE M1 and Sat-α). Long interspersed nuclear elements (LINE) represent about 17% of the human genome, and they are accumulated in AT-rich regions of chromosomes, Alu (short interspersed nuclear elements-SINE) is present in noncoding and GC-rich regions, and Satellite alpha DNA (Sat-α) are consisted in tandem repeats of 170 bp mainly in centromere, and represent about 5% of total human DNA [115,116]. Therefore, the LINE and Alu regions are useful repetitive elements in order to evaluate the methylation status of the target DNA since 32% of the human genome is measured [117].



Our results showed that ACK significantly hypermethylated the three target sequences, and ASP was able to increase the methylation status of Alu at 0.025 mM and hypomethylated Sat-α sequence at the same concentration. Conversely, CYC reduced the methylation levels in Alu and Sat-α. The hypermethylation observed in LINE-1 and Sat-α repetitive elements when cells are treated with ACK could be considered as a benefit since LINE-1 repetitive element has been related to C-met oncogene triggering its gene silencing [118], and it is known that a methylation process in satellite sequences could be a potential mechanism for silencing its expression in transformed cells since this repetitive sequence is hypomethylated in cancer cells [119]. The information about this methylation status assay is really scarce using these artificial sweeteners and mainly related to the methylation process, which they suffer from yielding other derived-compound. Therefore, much more research is needed using additive performing methylation assays [120].




5. Conclusions


In conclusion, all tested artificial sweeteners were safe compounds at assayed concentrations since toxicity and genotoxicity were not significantly induced in flies. Moreover, ASP and CYC showed protective activity against a genotoxin in Drosophila. On the other hand, the quality of life of the in vivo organism was reduced in ACK, ASP and CYC treatments. Regarding nutraceutical potential, ACK and ASP could be demonstrated to be chemopreventive due to the cytotoxicity activity shown by these compounds. According to DNA damage activity, as it was obtained in the SCGE assay, a necrotic way could be the main mechanism of death cell induced by ACK, ASP and CYC. In addition, ACK hypermethylated repetitive elements, which are hypomethylated in cancer cells resulting in a benefit to humans.
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Figure 1. Effect of ASP (A), ACK (B) and CYC (C) supplementation on the lifespan of Drosophila melanogaster. 
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Figure 2. Cytotoxic effects of ACK (A), ASP (B) and CYC (C). Viability curves at 72 h of treatment. 
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Figure 3. Internucleosomal DNA fragmentation after 5 h of treatment with ACK (A), ASP (B) and CYC (C). Letters M and C mean weight size marker and negative control, respectively. 
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Figure 4. Alkaline comet assay (pH < 13) of HL-60 cells after 5 h-treatment with different concentrations of ACK (A), ASP (B) and CYC (C). DNA migration is reported as mean TM. The plot shows mean TM values and standard errors. Different letters mean different values after one-way ANOVA and post hoc Tukey’s test. 
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Figure 5. Relative normalised expression data of each repetitive element when HL-60 cell line was treated with ACK (A), ASP (B) and CYC (C). Different letters are associated with different means applying the One-Way ANOVA test and post hoc Tuckey’s test. 
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Table 1. Primers information [37].
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	Primer
	Forward Primer Sequence 5′ to 3′ (N)
	Reverse Primer Sequence 5′ to 3′ (N)





	ALU-C4
	GGTTAGGTATAGTGGTTTATATTTGTAATTTTAGTA (-36)
	ATTAACTAAACTAATCTTAAACTCCTAACCTCA (-33)



	ALU-M1
	ATTATGTTAGTTAGGATGGTTTCGATTTT (-29)
	CAATCGACCGAACGCGA (-17)



	LINE-1-M1
	GGACGTATTTGGAAAATCGGG (-21)
	AATCTCGCGATACGCCGTT (-19)



	SAT-α-M1
	TGATGGAGTATTTTTAAAATATACGTTTTGTAGT (-34)
	AATTCTAAAAATATTCCTCTTCAATTACGTAAA (-33)










[image: Table] 





Table 2. Toxicity and antitoxicity levels of ASP, ACK and CYC in D. melanogaster.
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ACK

	
Survival

	
ASP

	
Survival

	
CYC

	
Survival




	
(mM)

	
(%)

	
(mM)

	
(%)

	
(mM)

	
(%)






	

	
Simple

	
Combined

	

	
Simple

	
Combined

	

	
Simple

	
Combined




	
Treatment 1

	
Treatment 2

	

	
Treatment

	
Treatment

	

	
Treatment

	
Treatment




	
0

	
100

	
100

	
0

	
100

	
100

	
0

	
100

	
100




	
H2O2

	
-

	
53.00

	
H2O2

	
-

	
40.32

	
H2O2

	
-

	
52.30




	
0.006

	
89.32

	
50.68

	
0.0063

	
100.00

	
91.98 *,4

	
0.0125

	
99.00

	
46.65




	
0.025

	
91.00

	
53.00

	
0.025

	
100.00

	
88.65 *

	
0.050

	
95.65

	
94.00 *




	
0.05

	
87.00 *,3

	
53.00

	
0.050

	
100.00

	
82.32 *

	
0.100

	
98.00

	
84.67 *




	
0.2

	
86.36 *

	
54.00

	
0.200

	
93.68

	
75.68 *

	
0.400

	
99.00

	
51.64




	
0.8

	
85.68 *

	
57.00

	
0.815

	
95.97

	
64.35 *

	
1.600

	
98.30

	
59.35








1 Data are expressed as a percentage of survival adults with respect to 300 untreated 72 h-old larvae from three independent experiments. 2 Combined treatments using standard medium and 0.15 M hydrogen peroxide. 3 Asterisks (*) indicate significant differences (one tail) with respect to the hydrogen peroxide control group and 4 untreated control group: * Chi-square value higher than 5.02 [40].
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Table 3. Genotoxicity and antigenotoxicity of ASP, ACK and CYC in Drosophila wing spot test.
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Clones per Wings (Number of Spots) 1

	




	
Compound

	
Wings

	
Small Single Spots

	
Large Simple Spots

	
Twin Spots

	
Total Spots

	
Mann-Whitney Test 2

	
IP (%) 3




	
Number

	
(1–2 Cells)

	
(>2 Cells)

	
m = 5

	
m = 2




	

	
m = 2

	
m = 5

	

	






	
H2O

	
41

	
0.147 (6)

	
0.048 (2)

	
0

	
0.195 (8)

	

	




	
H2O2 (0.15 M)

	
40

	
0.375 (15)

	
0.050 (2)

	
0

	
0.425 (17) +

	

	




	
Simple Treatment




	
ACK (mM)

	

	

	

	

	

	

	




	
[0.025]

	
39

	
0.231 (9)

	
0.000

	
0

	
0.231 (9) i

	
λ

	




	
[0.8]

	
40

	
0.200 (8)

	
0.025 (1)

	
0

	
0.225 (9) i

	
λ

	




	
ASP (mM)

	

	

	

	

	

	

	




	
[0.025]

	
40

	
0.250 (10)

	
0.100 (4)

	
0

	
0.350 (14) i

	
λ

	




	
[0.82]

	
40

	
0.200 (8)

	
0.075 (3)

	
0

	
0.275 (11) i

	
λ

	




	
CYC (mM)

	

	

	

	

	

	

	




	
[0.05]

	
40

	
0.250 (10)

	
0

	
0.350 (14) i

	
λ

	

	




	
[0.16]

	
40

	
0.175 (7)

	
0.000

	
0

	
0.175 (7) i

	
λ

	




	
Combined Treatment (mwh/flr 3)




	
ACK (mM)

	

	

	

	

	

	

	




	
[0.025]

	
40

	
0.200 (8) i

	
0.050 (2) i

	
0 −

	
0.250 (10) Δ

	

	
41




	
[0.8]

	
40

	
0.275 (11) i

	
0.000 −

	
0 −

	
0.275 (11) Δ

	

	
35




	
ASP (mM)

	

	

	

	

	

	

	




	
[0.025]

	
38

	
0.130 (5)

	
0.050 (2)

	
0

	
0.184 (7) Δ

	

	
57




	
[0.82]

	
40

	
0.250 (10)

	
0.125 (5)

	
0

	
0.375 (15) Δ

	

	
12




	
CYC (mM)

	

	

	

	

	

	

	




	
[0.05]

	
40

	
0.125 (5)

	
0.025 (1)

	
0

	
0.150 (6) Δ

	

	
65




	
[0.16]

	
39

	
0.175 (7)

	
0.026 (1)

	
0

	
0.205 (8) Δ

	

	
52








1 Statistical diagnosis according to Frei and Wurgler (1988) [41]: + (positive), − (negative) and i (inconclusive) vs. negative control; * (positive), Δ (negative) and β (inconclusive) vs. respective positive control; m: multiplication factor. Kastenbaum–Bowman Test without Bonferroni correction, probability levels: α = β = 0.05. No. of spots in parentheses. 2 Mann–Whitney test was used when appropriate to resolve inconclusive results. Lambda symbol (λ) means that there are not significant differences with respect to the negative control. 3 Inhibition percentage values were included when appropriate.
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Table 4. Effects of ACK, ASP and CYC treatments on the Drosophila melanogaster mean lifespan and healthspan.
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Compound (Concentration)

	
Mean Lifespan (Days)

	
Mean Lifespan Difference (%) a

	
Healthspan (80th Percentile) (Days)

	
Healthspan Difference (%) a






	
ACK (mM)

	

	

	

	




	
Control

	
57.630 ± 2.108

	
0

	
38.630 ± 1.600

	
0.00




	
0.006

	
51.360 ± 2.720

	
−10.87

	
40.600 ± 3.560

	
5.10




	
0.025

	
53.182 ± 2.707

	
−7.70

	
27.50 ± 2.100 **

	
−28.80




	
0.05

	
58.022 ± 2.635

	
0.70

	
43.830 ± 5.000

	
13.46




	
0.2

	
54.783 ± 2.560

	
−4.94

	
28.100 ± 2.210 **

	
−27.25




	
0.8

	
59.702 ± 2.300

	
3.60

	
23.200 ± 0.990 ***

	
−40.00




	
ASP (mM)

	

	

	




	
Control

	
71.830 ± 1.980

	
0.00

	
52.524 ± 2.000

	
0.00




	
0.0063

	
68.520 ± 2.950

	
−4.60

	
38.150 ± 3.640 **

	
−27.36




	
0.025

	
71.636 ± 2.300

	
−0.27

	
48.540 ± 1.540

	
−7.57




	
0.05

	
77.193 ± 200 *

	
7.46

	
56.080 ± 2.040

	
6.77




	
0.2

	
77.720 ± 2.400 **

	
8.20

	
49.300 ± 3.000

	
−6.13




	
0.815

	
67.135 ± 2.680

	
−6.54

	
36.450 ± 2.970 *

	
−30.60




	
CYC (mM)

	

	

	

	




	
Control

	
69.200 ± 2.350

	
0.00

	
40.889 ± 2.210

	
0.00




	
0.0125

	
76.460 ± 2.260

	
10.50

	
44.300 ± 1.300

	
8.34




	
0.05

	
64.720 ± 2.640

	
−6.47

	
29.850 ± 1.720 **

	
−27.00




	
0.1

	
63.970 ± 2.900

	
−7.56

	
34.170 ± 2.265

	
−16.43




	
0.4

	
75.387 ± 2.212

	
8.94

	
51.000 ± 4.000

	
24.72




	
1.6

	
66.550 ± 2.340

	
−3.83

	
41.700 ± 2.900

	
1.98








a The difference was calculated by comparing treated flies with the concurrent water control. Positive numbers indicate lifespan increase, and negative numbers indicate lifespan decrease. Data are expressed as mean value ± SE. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 significances obtained with the log-rank (Mantel-Cox) test.
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